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Very brief history of our universe

• To solve the problems, 40 to 60 e-folds is required, 
BUT we can only observe ten!



First order phase transition driven by the 
evolution of the inflaton
• 𝜙: inflaton field                                                                           𝜎: spectator field
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Measured by  
CMB and LSS

No measurement

• It is generic to expect the inflaton to couple to some spectator sector. 
• The masses or couples in the  spectator sector can be changed drastically due to the evolution of the inflaton field. 
• It may induce first order phase transitions in the spectator sector so that classical gravitational waves might be 

generated.
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First order phase transition during inflation

• Bubble nucleation rate:

• Phase transition starts:

• The bounce:

• First order phase transiton:
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First order phase transition during inflation
<latexit sha1_base64="k5artR03MrvGHekw40dfoBzAbmQ=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWBKp6EYounFZ0T6gCWEymbRDJw9mboQSunDjr7hxoYhbP8Kdf+O0zUJbD1zu4Zx7mbnHTwVXYFnfxtLyyuraemmjvLm1vbNr7u23VZJJylo0EYns+kQxwWPWAg6CdVPJSOQL1vGH1xO/88Ck4kl8D6OUuRHpxzzklICWPLPi+AwIvsQn2AkloXmA77z6WDcYe2bVqllT4EViF6SKCjQ988sJEppFLAYqiFI920rBzYkETgUbl51MsZTQIemznqYxiZhy8+kRY3yklQCHidQVA56qvzdyEik1inw9GREYqHlvIv7n9TIIL9ycx2kGLKazh8JMYEjwJBEccMkoiJEmhEqu/4rpgOgsQOdW1iHY8ycvkvZpzT6rWbf1auOqiKOEKugQHSMbnaMGukFN1EIUPaJn9IrejCfjxXg3PmajS0axc4D+wPj8AZR0lsk=</latexit>

� = �dS4

dt

<latexit sha1_base64="6BOhIbU0WSsuhVt9JOBlwaqlat4="></latexit>

�

H
=

����
dS4

d logµ2
e↵

���� (2✏)
1/2 ⇥ Mpl����

⇣
1� µ2

c2�2

⌘���
<latexit sha1_base64="dlbTIiFaRc6XpBcbty0CtYEnlkc=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4qklRdFl048JFBfuAJpbJZNIOnUnCzEQooSs3/oobF4q49Rvc+TdOHwttPXDhcM69M/eeIOVMacf5thYWl5ZXVgtrxfWNza1te2e3oZJMElonCU9kK8CKchbTumaa01YqKRYBp82gfzXymw9UKpbEd3qQUl/gbswiRrA2Usc+8BQTnsjuK53ckwLRKBqeeDfmgRAbzS45ZWcMNE/cKSnBFLWO/eWFCckEjTXhWKm266Taz7HUjHA6LHqZoikmfdylbUNjLKjy8/EZQ3RklBBFiTQVazRWf0/kWCg1EIHpFFj31Kw3Ev/z2pmOLvycxWmmaUwmH0UZRzpBo0xQyCQlmg8MwUQysysiPSwx0Sa5ognBnT15njQqZfes7NyelqqX0zgKsA+HcAwunEMVrqEGdSDwCM/wCm/Wk/VivVsfk9YFazqzB39gff4AiKWYgw==</latexit>

⇠ µ2
e↵/⇤

2

0.05 0.10 0.15 0.20 0.25 0.30
�eff/�

20

40

60

80

100

120

140

S4

<latexit sha1_base64="dsQcAexox6FygxNIxIjBb9pbKV4=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuLEkRdGNUHTjsoJ9QBPKZDJph04ezEyEErPwV9y4UMStv+HOv3HaZqGtBwYO55zLvXO8hDOpLOvbKC0tr6yuldcrG5tb2zvm7l5bxqkgtEViHouuhyXlLKItxRSn3URQHHqcdrzRzcTvPFAhWRzdq3FC3RAPIhYwgpWW+uaBw3XYx+gKnTqBwCSz86ye982qVbOmQIvELkgVCjT75pfjxyQNaaQIx1L2bCtRboaFYoTTvOKkkiaYjPCA9jSNcEilm03vz9GxVnwUxEK/SKGp+nsiw6GU49DTyRCroZz3JuJ/Xi9VwaWbsShJFY3IbFGQcqRiNCkD+UxQovhYE0wE07ciMsS6BaUrq+gS7PkvL5J2vWaf16y7s2rjuqijDIdwBCdgwwU04Baa0AICj/AMr/BmPBkvxrvxMYuWjGJmH/7A+PwBrE2VPQ==</latexit>

� = �1

2

<latexit sha1_base64="YlatMGOUySZTzoWKSX8BNTnrAhU=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwY5kRRTdC0Y3LCvYBnaFkMpk2NJMZkoxQhv6GGxeKuPVn3Pk3pu0stPVA4HDOudybE6SCa+M436i0srq2vlHerGxt7+zuVfcP2jrJFGUtmohEdQOimeCStQw3gnVTxUgcCNYJRndTv/PElOaJfDTjlPkxGUgecUqMlTxP2GhI8A0+c/vVmlN3ZsDLxC1IDQo0+9UvL0xoFjNpqCBa91wnNX5OlOFUsEnFyzRLCR2RAetZKknMtJ/Pbp7gE6uEOEqUfdLgmfp7Iiex1uM4sMmYmKFe9Kbif14vM9G1n3OZZoZJOl8UZQKbBE8LwCFXjBoxtoRQxe2tmA6JItTYmiq2BHfxy8ukfV53L+vOw0WtcVvUUYYjOIZTcOEKGnAPTWgBhRSe4RXeUIZe0Dv6mEdLqJg5hD9Anz9SOpCO</latexit>

� = �1

<latexit sha1_base64="9V1ivwQ3reB06mJVzGXVSTcGUeY=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQ+sMuim66kgn1AE8JketMOnTyYmQgl5Avc+CtuXCji1rU7/8Zpm4VWD1w4nHMv997jJ5xJZVlfRmlldW19o7xZ2dre2d0z9w+6Mk4FhQ6NeSz6PpHAWQQdxRSHfiKAhD6Hnj+5nvm9exCSxdGdmibghmQUsYBRorTkmTUnEIRmjg+K5Fkrx45kIV6IZw3LyrMbD3LPrFp1aw78l9gFqaICbc/8dIYxTUOIFOVEyoFtJcrNiFCMcsgrTiohIXRCRjDQNCIhSDebv5PjmlaGOIiFrkjhufpzIiOhlNPQ150hUWO57M3E/7xBqoKGm7EoSRVEdLEoSDlWMZ5lg4dMAFV8qgmhgulbMR0THYXSCVZ0CPbyy39J97RuX9St2/Nq86qIo4yO0DE6QTa6RE3UQm3UQRQ9oCf0gl6NR+PZeDPeF60lo5g5RL9gfHwD1GCb8w==</latexit>

�

H
⇠ 3800

Ne

<latexit sha1_base64="Jd7zhAetqo2RfOcCXewUKlD06pE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRKx6LLopiupYB/QhDCZ3rRDJw9mJkIJ+QE3/oobF4q4de/Ov3HaZqGtBy4czrmXe+/xE86ksqxvo7Syura+Ud6sbG3v7O6Z+wcdGaeCQpvGPBY9n0jgLIK2YopDLxFAQp9D1x/fTP3uAwjJ4uheTRJwQzKMWMAoUVryzBMnEIRmjg+K5Fkzx45kIZ6LdcvKs1sPcs+sWjVrBrxM7IJUUYGWZ345g5imIUSKciJl37YS5WZEKEY55BUnlZAQOiZD6GsakRCkm82+yfGpVgY4iIWuSOGZ+nsiI6GUk9DXnSFRI7noTcX/vH6qgis3Y1GSKojofFGQcqxiPI0GD5gAqvhEE0IF07diOiI6CaUDrOgQ7MWXl0nnvGbXa9bdRbVxXcRRRkfoGJ0hG12iBmqiFmojih7RM3pFb8aT8WK8Gx/z1pJRzByiPzA+fwBQ3Juz</latexit>

�

H
⇠ 500

Ne

<latexit sha1_base64="24v7BWeXWqvw139Nzg707MN+AyE="></latexit>

�

H
⇠ O(10)�O(100)

CosmoTransitions



Numerical results
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Result
• Generic shape of the GW spectrum produced by first order phase transition during inflation
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How to calculate GW?

• In E&M:

• We solve the Green’s function first.
• We convolute the Green’s function with the source.

• In GR: 

• Green’s function in Fourier space
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GW from instantaneous and local sources 
(qualitative study)
•

−∞ 𝜏′

The horizon fixes the 
amplitude of ℎ

𝑘𝜏! ≈ 0
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<latexit sha1_base64="ACfSSTO+7gbQTef+Z5Y9rMz5r4c=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyURRZdFN11WsA9oQrmZTtKhkwczE6GErNz4K25cKOLWb3Dn3zhts9DWAxfOnHMvc+/xEs6ksqxvo7Syura+Ud6sbG3v7O6Z+wcdGaeC0DaJeSx6HkjKWUTbiilOe4mgEHqcdr3x7dTvPlAhWRzdq0lC3RCCiPmMgNLSwDx2fAEkG+cZ1BwF6VmOnSDAzfljYFatujUDXiZ2QaqoQGtgfjnDmKQhjRThIGXfthLlZiAUI5zmFSeVNAEyhoD2NY0gpNLNZmfk+FQrQ+zHQlek8Ez9PZFBKOUk9HRnCGokF72p+J/XT5V/7WYsSlJFIzL/yE85VjGeZoKHTFCi+EQTIILpXTEZgc5F6eQqOgR78eRl0jmv25d16+6i2rgp4iijI3SCashGV6iBmqiF2oigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f+USYJQ==</latexit>

k

a(⌧)
� H(⌧)

<latexit sha1_base64="cdiXkAalDHKaAol7bKJxYvghz5o=">AAACEXicbVC7TsMwFHV4lvIKMLJYVIh2oEoQCMYKFsYi0YfURJXjOq1V24lsB6mK+gss/AoLAwixsrHxNzhpBmg5kq3jc+7V9T1BzKjSjvNtLS2vrK6tlzbKm1vbO7v23n5bRYnEpIUjFslugBRhVJCWppqRbiwJ4gEjnWB8k/mdByIVjcS9nsTE52goaEgx0kbq29WRpyiHXigRTg0VcFz1NEpOs+ukNk1R/qxN+3bFqTs54CJxC1IBBZp9+8sbRDjhRGjMkFI914m1nyKpKWZkWvYSRWKEx2hIeoYKxIny03yjKTw2ygCGkTRHaJirvztSxJWa8MBUcqRHat7LxP+8XqLDKz+lIk40EXg2KEwY1BHM4oEDKgnWbGIIwpKav0I8QiYcbUIsmxDc+ZUXSfus7l7UnbvzSuO6iKMEDsERqAIXXIIGuAVN0AIYPIJn8ArerCfrxXq3PmalS1bRcwD+wPr8AYNrnM4=</latexit>

h ⇠ sin k(⌧ � ⌧ 0)

a(⌧)

<latexit sha1_base64="LVCWxeqfX/8tz6CZ8VW69myBuGU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0V0VRJRdFl047KCfUASy2Q6aYdOJmHmRqih+CtuXCji1v9w5984bbPQ1gP3cjjnXubOCVPBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1kirIGTUSi2iHRTHDJGsBBsHaqGIlDwVrh4Hrstx6Y0jyRdzBMWRCTnuQRpwSM1LH3+/eRr3mMTZPewAeSHQcdu+JUnQnwPHELUkEF6h37y+8mNIuZBCqI1p7rpBDkRAGngo3KfqZZSuiA9JhnqCQx00E+uX6Ej4zSxVGiTEnAE/X3Rk5irYdxaCZjAn09643F/zwvg+gyyLlMM2CSTh+KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M5+eZ40T6vuedW5PavUroo4SugAHaIT5KILVEM3qI4aiKJH9Ixe0Zv1ZL1Y79bHdHTBKnb20B9Ynz8aepT+</latexit>

hf ⇠ sin[k⌧ 0]



GW from instantaneous and local sources 
(qualitative study)
•

<latexit sha1_base64="ACfSSTO+7gbQTef+Z5Y9rMz5r4c=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyURRZdFN11WsA9oQrmZTtKhkwczE6GErNz4K25cKOLWb3Dn3zhts9DWAxfOnHMvc+/xEs6ksqxvo7Syura+Ud6sbG3v7O6Z+wcdGaeC0DaJeSx6HkjKWUTbiilOe4mgEHqcdr3x7dTvPlAhWRzdq0lC3RCCiPmMgNLSwDx2fAEkG+cZ1BwF6VmOnSDAzfljYFatujUDXiZ2QaqoQGtgfjnDmKQhjRThIGXfthLlZiAUI5zmFSeVNAEyhoD2NY0gpNLNZmfk+FQrQ+zHQlek8Ez9PZFBKOUk9HRnCGokF72p+J/XT5V/7WYsSlJFIzL/yE85VjGeZoKHTFCi+EQTIILpXTEZgc5F6eQqOgR78eRl0jmv25d16+6i2rgp4iijI3SCashGV6iBmqiF2oigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f+USYJQ==</latexit>

k

a(⌧)
� H(⌧)

<latexit sha1_base64="cdiXkAalDHKaAol7bKJxYvghz5o=">AAACEXicbVC7TsMwFHV4lvIKMLJYVIh2oEoQCMYKFsYi0YfURJXjOq1V24lsB6mK+gss/AoLAwixsrHxNzhpBmg5kq3jc+7V9T1BzKjSjvNtLS2vrK6tlzbKm1vbO7v23n5bRYnEpIUjFslugBRhVJCWppqRbiwJ4gEjnWB8k/mdByIVjcS9nsTE52goaEgx0kbq29WRpyiHXigRTg0VcFz1NEpOs+ukNk1R/qxN+3bFqTs54CJxC1IBBZp9+8sbRDjhRGjMkFI914m1nyKpKWZkWvYSRWKEx2hIeoYKxIny03yjKTw2ygCGkTRHaJirvztSxJWa8MBUcqRHat7LxP+8XqLDKz+lIk40EXg2KEwY1BHM4oEDKgnWbGIIwpKav0I8QiYcbUIsmxDc+ZUXSfus7l7UnbvzSuO6iKMEDsERqAIXXIIGuAVN0AIYPIJn8ArerCfrxXq3PmalS1bRcwD+wPr8AYNrnM4=</latexit>

h ⇠ sin k(⌧ � ⌧ 0)

a(⌧)

<latexit sha1_base64="C8LDbzum45wbDDLBz2bK4cif4NM="></latexit>

h00(⌧,k) +
2a0

a
h0(⌧,k) + k2h(⌧,k) = 16⇡GNa�1T �(⌧ � ⌧ 0)

<latexit sha1_base64="LVCWxeqfX/8tz6CZ8VW69myBuGU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0V0VRJRdFl047KCfUASy2Q6aYdOJmHmRqih+CtuXCji1v9w5984bbPQ1gP3cjjnXubOCVPBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1kirIGTUSi2iHRTHDJGsBBsHaqGIlDwVrh4Hrstx6Y0jyRdzBMWRCTnuQRpwSM1LH3+/eRr3mMTZPewAeSHQcdu+JUnQnwPHELUkEF6h37y+8mNIuZBCqI1p7rpBDkRAGngo3KfqZZSuiA9JhnqCQx00E+uX6Ej4zSxVGiTEnAE/X3Rk5irYdxaCZjAn09643F/zwvg+gyyLlMM2CSTh+KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M5+eZ40T6vuedW5PavUroo4SugAHaIT5KILVEM3qI4aiKJH9Ixe0Zv1ZL1Y79bHdHTBKnb20B9Ynz8aepT+</latexit>

hf ⇠ sin[k⌧ 0]

−∞ 𝜏′ 𝑘𝜏! ≈ 0

The horizon fixes the 
amplitude of ℎ



After inflation

• ℎ"(𝑘) is the initial amplitude for the GW oscillation after inflation.

• All the modes start to oscillate with the same phase.
• Example, in RD, the oscillation is sin 𝑘𝜏 /𝑘𝜏

The end of inflation

0.05 0.10 0.50 1 5 10

<latexit sha1_base64="LVCWxeqfX/8tz6CZ8VW69myBuGU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0V0VRJRdFl047KCfUASy2Q6aYdOJmHmRqih+CtuXCji1v9w5984bbPQ1gP3cjjnXubOCVPBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1kirIGTUSi2iHRTHDJGsBBsHaqGIlDwVrh4Hrstx6Y0jyRdzBMWRCTnuQRpwSM1LH3+/eRr3mMTZPewAeSHQcdu+JUnQnwPHELUkEF6h37y+8mNIuZBCqI1p7rpBDkRAGngo3KfqZZSuiA9JhnqCQx00E+uX6Ej4zSxVGiTEnAE/X3Rk5irYdxaCZjAn09643F/zwvg+gyyLlMM2CSTh+KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M5+eZ40T6vuedW5PavUroo4SugAHaIT5KILVEM3qI4aiKJH9Ixe0Zv1ZL1Y79bHdHTBKnb20B9Ynz8aepT+</latexit>

hf ⇠ sin[k⌧ 0]

f

d�
dlogk



GW spectrum for a real source
<latexit sha1_base64="sh7ziJKajoQQhEBKxp2F0dAnntc=">AAACBHicbVDJSgNBEO1xN25Rj7k0BsGLYUYUPYp68BjBRCETh5pOTdLYs9BdI4QhBy/+ihcPinj1I7z5N3aWg9uDgsd7VVTVCzMlDbnupzM1PTM7N7+wWFpaXlldK69vNE2aa4ENkapUX4dgUMkEGyRJ4XWmEeJQ4VV4ezr0r+5QG5kml9TPsB1DN5GRFEBWCsoV/wwVQeAT5Nw3MuZ+iAQ3xa43CMpVt+aOwP8Sb0KqbIJ6UP7wO6nIY0xIKDCm5bkZtQvQJIXCQcnPDWYgbqGLLUsTiNG0i9ETA75tlQ6PUm0rIT5Sv08UEBvTj0PbGQP1zG9vKP7ntXKKjtqFTLKcMBHjRVGuOKV8mAjvSI2CVN8SEFraW7nogQZBNreSDcH7/fJf0tyreQc192K/enwyiWOBVdgW22EeO2TH7JzVWYMJds8e2TN7cR6cJ+fVeRu3TjmTmU32A877F+ELl5k=</latexit>

�⌧ ⇠ ��1



Generic features of GW spectrum

• Inflation models

• de Sitter inflation

• 𝑡! inflation

• Evolution after inflation

• In RD, 

• In MD, 

• In 𝑡 "! ,

<latexit sha1_base64="j9VNLYZ9ng1TzLYxe33BIDPDAaQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWBJRdFkUwWUF+4AmDZPJtB06MwkzE6GE7Nz4K25cKOLWX3Dn3zhts9DWAxcO59zLvfeECaNKO863tbC4tLyyWlorr29sbm3bO7tNFacSkwaOWSzbIVKEUUEammpG2okkiIeMtMLh9dhvPRCpaCzu9SghPkd9QXsUI22kwD7wNGURyTyMGLzJA6dLoacoh8NuduLmgV1xqs4EcJ64BamAAvXA/vKiGKecCI0ZUqrjOon2MyQ1xYzkZS9VJEF4iPqkY6hAnCg/m/yRwyOjRLAXS1NCw4n6eyJDXKkRD00nR3qgZr2x+J/XSXXv0s+oSFJNBJ4u6qUM6hiOQ4ERlQRrNjIEYUnNrRAPkERYm+jKJgR39uV50jytuudV5+6sUrsq4iiBfXAIjoELLkAN3II6aAAMHsEzeAVv1pP1Yr1bH9PWBauY2QN/YH3+ALLYmIw=</latexit>

Ẽ i
0 ⇠ k�1

<latexit sha1_base64="3c2x7BQqvP8wVTHj03tVExtGlOw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpIURZdFEVxWsA9o0jCZTNqhM0mYmQglZOfGX3HjQhG3/oI7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jdLS8srqWnm9srG5tb1j7u61ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOOPrid+54EISePoXo0T4nI0iGhIMVJa8sxDR1EWkMzBiMGb3LP6FDqScjjqZ6f13DOrVs2aAi4SuyBVUKDpmV9OEOOUk0hhhqTs2Vai3AwJRTEjecVJJUkQHqEB6WkaIU6km03/yOGxVgIYxkJXpOBU/T2RIS7lmPu6kyM1lPPeRPzP66UqvHQzGiWpIhGeLQpTBlUMJ6HAgAqCFRtrgrCg+laIh0ggrHR0FR2CPf/yImnXa/Z5zbo7qzauijjK4AAcgRNggwvQALegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgD4zPH7RdmI0=</latexit>

Ẽ i
0 ⇠ k�2

<latexit sha1_base64="WZ3JEQSZTKvJ1M639so3fcEdWaw=">AAACIXicbZDLSsNAFIYn9VbrLerSzWAR6sKaiGKXRRFcVrAXaNIwmUzboTNJmJkIJeRV3Pgqblwo0p34Mk7bgFo9MPDx/+dw5vx+zKhUlvVhFJaWV1bXiuuljc2t7R1zd68lo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90PfXbD0RIGoX3ahwTl6NBSPsUI6Ulz6w5irKAwNTBiMGbzLN6FDqScjjqpWluxtlp5ZvhCbSPM88sW1VrVvAv2DmUQV4Nz5w4QYQTTkKFGZKya1uxclMkFMWMZCUnkSRGeIQGpKsxRJxIN51dmMEjrQSwHwn9QgVn6s+JFHEpx9zXnRypoVz0puJ/XjdR/Zqb0jBOFAnxfFE/YVBFcBoXDKggWLGxBoQF1X+FeIgEwkqHWtIh2Isn/4XWWdW+qFp35+X6VR5HERyAQ1ABNrgEdXALGqAJMHgEz+AVvBlPxovxbkzmrQUjn9kHv8r4/AJdeKJc</latexit>

Ẽ i
0 ⇠ kp̃/(p̃�1)

<latexit sha1_base64="/hZ/tX6mA31ygqt3cu6O8NqoYRA=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRJRdFl0ocsK9gFNLJPJpB06k4SZG6GEfIAbf8WNC0Xc+gHu/BunbRbaemDgcM653LnHTwTXYNvfVmlpeWV1rbxe2djc2t6p7u61dZwqylo0FrHq+kQzwSPWAg6CdRPFiPQF6/ijq4nfeWBK8zi6g3HCPEkGEQ85JWCkfrXmAhcBy1xKBL7O+/Z9iF3NJXZDRWjm5NkoNym7bk+BF4lTkBoq0OxXv9wgpqlkEVBBtO45dgJeRhRwKlhecVPNEkJHZMB6hkZEMu1l02NyfGSUAIexMi8CPFV/T2REaj2WvklKAkM9703E/7xeCuGFl/EoSYFFdLYoTAWGGE+awQFXjIIYG0Ko4uavmA6JaQFMfxVTgjN/8iJpn9Sds7p9e1prXBZ1lNEBOkTHyEHnqIFuUBO1EEWP6Bm9ojfryXqx3q2PWbRkFTP76A+szx9H+psi</latexit>

G̃f
0 ⇠ 1

k
<latexit sha1_base64="Pwg7Ul/OTsJUx12HpJ8W+seb08A=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6sCSi6LLoQpcV7AOaNEymk3boJBlmJkIZ8g1u/BU3LhRx68qdf+O0zUJbD1w4nHMv994Tckalcpxva2FxaXlltbRWXt/Y3Nq2d3abMs0EJg2cslS0QyQJowlpKKoYaXNBUBwy0gqH12O/9UCEpGlyr0ac+DHqJzSiGCkjBfaxpyjrEe1hxOBNHjjdCHqSxnDY1V4kENY81+4Jz/PArjhVZwI4T9yCVECBemB/eb0UZzFJFGZIyo7rcOVrJBTFjORlL5OEIzxEfdIxNEExkb6evJTDQ6P0YJQKU4mCE/X3hEaxlKM4NJ0xUgM5643F/7xOpqJLX9OEZ4okeLooyhhUKRznA3tUEKzYyBCEBTW3QjxAJghlUiybENzZl+dJ87Tqnledu7NK7aqIowT2wQE4Ai64ADVwC+qgATB4BM/gFbxZT9aL9W59TFsXrGJmD/yB9fkDGzWdwQ==</latexit>

G̃f
0 ⇠ k

p
1�p

f

d�
dlogk

<latexit sha1_base64="9Z0dOIpLr1mBxDQHCQ5V0RpcXCQ="></latexit>

|T̃ij(kp,kp)|2[Ẽ i
0(k)G̃

f
0 (k)]

2k3

<latexit sha1_base64="wiiliKtTbd3BafoL9/T+ITJXig0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLz1WsB/QLiWbZtvQbBKTbLGU/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXm5tfWNzK79d2Nnd2z8oHh41jEw1oXUiudStCBvKmaB1yyynLaUpTiJOm9HwbuY3R1QbJsWDHSsaJrgvWMwItk4Kh12FOlgpLZ9QtVss+WV/DrRKgoyUIEOtW/zq9CRJEyos4diYduArG06wtoxwOi10UkMVJkPcp21HBU6oCSfzo6fozCk9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vgmnDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTgUXQrD88ippXJSDq7J/f1mq3GZx5OEETuEcAriGClShBnUg8AjP8Apv3sh78d69j0VrzstmjuEPvM8fMVuRuA==</latexit>

kp ⇡ H

<latexit sha1_base64="S0VQOIttP/+ZwlpyN5oVJab6i40=">AAACAnicbVDLSgMxFM34rPU16krcBIvgxjIjii6LunBZwT6gMw6ZNG1DM0lIMmIZiht/xY0LRdz6Fe78G9N2Ftp64MLhnHu5955YMqqN5307c/MLi0vLhZXi6tr6xqa7tV3XIlWY1LBgQjVjpAmjnNQMNYw0pSIoiRlpxP3Lkd+4J0pTwW/NQJIwQV1OOxQjY6XI3e1HEgZISiUeYHBFmEGRvMuO/GHklryyNwacJX5OSiBHNXK/grbAaUK4wQxp3fI9acIMKUMxI8NikGoiEe6jLmlZylFCdJiNXxjCA6u0YUcoW9zAsfp7IkOJ1oMktp0JMj097Y3E/7xWajrnYUa5TA3heLKokzJoBBzlAdtUEWzYwBKEFbW3QtxDCmFjUyvaEPzpl2dJ/bjsn5a9m5NS5SKPowD2wD44BD44AxVwDaqgBjB4BM/gFbw5T86L8+58TFrnnHxmB/yB8/kDjQSW4g==</latexit>

kp ⇡ ��1
p



Spectrum distortion

Flat space-time Quasi de Sitter

<latexit sha1_base64="XgTrWF9o5VXyhijVy4YPrZ09j30=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTsa27ohuXFe0D2rFk0kwbmskMSUYopZ/gxoUibv0id/6NmbaCih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcPWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoOxpeZ376nUrFY3OpJQv0IDwULGcHaSDfhXblfLCH7vFZxvQpENkJVx3Uy4la9sgcdo2QogSUa/eJ7bxCTNKJCE46V6joo0f4US80Ip7NCL1U0wWSMh7RrqMARVf50fuoMnhhlAMNYmhIaztXvE1McKTWJAtMZYT1Sv71M/Mvrpjqs+VMmklRTQRaLwpRDHcPsbzhgkhLNJ4ZgIpm5FZIRlphok07BhPD1KfyftFzbObPRtVeqXyzjyIMjcAxOgQOqoA6uQAM0AQFD8ACewLPFrUfrxXpdtOas5cwh+AHr7RNTKI3V</latexit>

f3
Model 
dependent

Model 
dependent

Cai, Pi, Sasaki, 1909.13728



Flat space-time Quasi de Sitter

<latexit sha1_base64="XgTrWF9o5VXyhijVy4YPrZ09j30=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTsa27ohuXFe0D2rFk0kwbmskMSUYopZ/gxoUibv0id/6NmbaCih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcPWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoOxpeZ376nUrFY3OpJQv0IDwULGcHaSDfhXblfLCH7vFZxvQpENkJVx3Uy4la9sgcdo2QogSUa/eJ7bxCTNKJCE46V6joo0f4US80Ip7NCL1U0wWSMh7RrqMARVf50fuoMnhhlAMNYmhIaztXvE1McKTWJAtMZYT1Sv71M/Mvrpjqs+VMmklRTQRaLwpRDHcPsbzhgkhLNJ4ZgIpm5FZIRlphok07BhPD1KfyftFzbObPRtVeqXyzjyIMjcAxOgQOqoA6uQAM0AQFD8ACewLPFrUfrxXpdtOas5cwh+AHr7RNTKI3V</latexit>

f3
Model 
dependent

Model 
dependent

Spectrum distortion by inflation

<latexit sha1_base64="exO0izePymNiZpJ4kvVogI4un10="></latexit>

⌦GW ⇡ ⌦R

✓
Hinf

�

◆6 �⇢vac

⇢inf



Flat space-time Quasi de Sitter

<latexit sha1_base64="XgTrWF9o5VXyhijVy4YPrZ09j30=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTsa27ohuXFe0D2rFk0kwbmskMSUYopZ/gxoUibv0id/6NmbaCih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcPWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoOxpeZ376nUrFY3OpJQv0IDwULGcHaSDfhXblfLCH7vFZxvQpENkJVx3Uy4la9sgcdo2QogSUa/eJ7bxCTNKJCE46V6joo0f4US80Ip7NCL1U0wWSMh7RrqMARVf50fuoMnhhlAMNYmhIaztXvE1McKTWJAtMZYT1Sv71M/Mvrpjqs+VMmklRTQRaLwpRDHcPsbzhgkhLNJ4ZgIpm5FZIRlphok07BhPD1KfyftFzbObPRtVeqXyzjyIMjcAxOgQOqoA6uQAM0AQFD8ACewLPFrUfrxXpdtOas5cwh+AHr7RNTKI3V</latexit>

f3
Model 
dependent

Model 
dependent

Spectrum distortion by inflation

<latexit sha1_base64="lUmfmmhTCoUjJ3HEdBDhDgFgo9w="></latexit>

⌦GW ⇡ ⌦R

✓
Hinf

�

◆5 �⇢vac

⇢inf
<latexit sha1_base64="Oc7fYyadxEplo94R8ugAeN56xOw="></latexit>

⇡ 10�11 ⇥
✓
Hinf

0.1�

◆5 �⇢vac

0.1⇢inf
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GW Power spectrum
• Assume quasi-dS inflation, RD re-entering and fast reheating
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First order phase transition during inflation

• Stochastic GW signals  
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First order phase transition during inflation
• CMB B modes



Summary
• We show that there is an oscillatory feature 

in the spectrum.

• The slopes of the spectrum can tell us 
information about the inflation model and 
evolution of the universe when the modes 
re-enter the horizon. 

• First order phase transition during inflation 
can be realized with simple models.

• If we are lucky enough, such a signal can be 
detected by future GW detectors. 
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